Lactobacillus acidophilus, a bile-resistant bacteria, can settle in the intestinal tracts and constitute an important part of the indigenous microflora of man and higher animals (Gomes and Malcata, 1999) . It exerts a protective role by suppression of pathogenic microorganisms in the intestines and acts as a probiotic (Bergey and Holt, 1994; Gilliland and Speck, 1977; Sandine, 1979) . On account of the disturbance of the proliferation and growth of L. acidophilus caused by antibiotic intake, digestive disorders, and abnormal and abusive food habits, dietary supplement of live L. acidophilus to maintain or ameliorate intestinal health might be beneficial and has been recommended (Brennan et al., 1983; Gilliland et al., 1978) . Since the number of active cells in dried products is low (Brennan et al., 1983) , attemps to improve the viability of L. acidophilus in commercial dehydrated products are required.
Immobilized cells have been suggested for many industrial applications (Norton and Voillemard, 1994) . Advantages of immobilized cell technology include continuous utilization, prevention of interfacial inactivation, stimulation of production and excretion of secondary metabolites, retention of plasmid-bearing cells, protection against a turbulent environment, etc. (Anselmo and Navais, 1992; de Backer et al., 1992; Melzoch et al., 1994; Nath and Chand, 1996) . On the other hand, cell concentration could be effectively enhanced, and the survival and process efficiency could also be increased by the application of immobilized cells during operation (Champagne et al., 1994; Groboillot et al., 1994) . Culture dehydration was normally carried out by freeze-drying which might bring about impairment to cells due to the freezing and succeeding treatment (Castro et al., 1996; Champagne et al., 1991; Heckly, 1978) . This might also result in a decrease in culture survival during the subsequent storage (Bozoglu et al., 1987; Brennan et al., 1986) . Cell immobilization has been examined extensively in the freeze-drying and storage thereafter of lactic acid bacteria, and significant improvement in survival could be obtained and cell concentration of dried samples could be raised (Champagne et al., , 1996a Kim et al., 1988; Maitrot et al., 1997; Yoon et al., 1995) . Damage to cells caused by low-temperature and freezing might also be reduced by the application of cell immobilization Kearney et al., 1990) . On the other hand, cell immobilization of lactic acid bacteria by gel entrapment could effectively increase their tolerance to bile acid and gastric juice, and promote their survival and activity in human intestinal tracts (Lee and Heo, 2000; Sun and Griffiths, 2000) .
The objective of this research was to increase the survival and cell concentration of L. acidophilus in freeze-drying by the use of k-carrageenan immobilization, and to study the protective effect of cell immobi-lization on the culture during freezing and freeze-drying. Meanwhile, since storage stability is an important factor in the preservation and transportation of dried bacterial cultures (Castro et al., 1996; Champagne et al., 1996b; Kim et al., 1988) , a storage test was performed subsequently in this study and the effect of cell immobilization on the storage stability of freeze-dried cultures was examined.
L. acidophilus CCRC 10695 cultures were purchased from the Culture Collection and Research Center of the Food Industry Research and Development Institute at Hsinchu, Taiwan, and were maintained on MRS agar (Difco Laboratories, Detroit, MI, USA) and stored at Ϫ20°C. k-Carrageenan and potassium chloride (KCl) (Sigma, St. Louis, MO, USA) were used to make the immobilizing matrix for the entrapment of cells. Cells for experiment were cultivated in MRS broth at 37°C using a 1% inoculum. The pH of the medium was adjusted to 6.5 with 1 M HCl before autoclaving. Bacteria were proliferated statically in flasks containing 500 ml MRS broth with 1% inoculum and incubated at 37°C for 12-14 h. After incubation, cells were harvested by centrifugation at 8,000ϫg for 15 min at 0°C and washed twice with 0.1% peptone water (King and Lin, 1995; King and Su, 1993) . Cell cultures from the previous procedure were suspended in 0.1% peptone water to obtain a concentrated cell suspension which contained a cell concentration level of 10 10 cells/ml. The concentrated cell suspension was then mixed with 4% (w/v) k-carrageenan solution in the ratio 1 : 1, and pumped through a needle by using a peristaltic pump (Eyela MP-3, Tokyo Rikakikai, Co., Ltd., Tokyo, Japan) to form droplets. The droplets were then dropped into a gently stirred (70 rpm) sterilized 0.3 M potassium chloride solution, and kept in the solution at 10°C for 2 h to obtain cell immobilized k-carrageenan gel beads (ca. 3.0 mm in diameter) (Cassidy et al., 1997) . Samples of concentrated cell suspension and immobilized cells were frozen for one day at Ϫ40°C. Both were then thawed using tap water. The thawed concentrated cell suspension was directly cultured and colonies were counted. On the other hand, k-carrageenan gel beads containing cells were dissolved in physiological saline solution with gentle shaking for 15 min at room temperature to depolymerize the beads for release of the immobilized cells (King and Zall, 1983) . Cells were serially diluted with 0.1% peptone water and cultured for colony counting. The concentrated cell suspension and k-carrageenan immobilized cells were freeze-dried using a freeze-drier (Eyela FDU-540, Tokyo Rikakikai, Co., Ltd.) under 1 torr to achieve a final moisture content below 3% after being frozen at Ϫ40°C for one day. Samples were sealed directly in glass vials hermetically after freeze-drying in the drying chamber (Eyela BSC-2L, Tokyo Rikakikai, Co., Ltd.). Freeze-dried concentrated cell suspension was rehydrated to the original liquid volume by using 0.1% peptone water. Freeze-dried k-carrageenan immobilized cells were depolymerized using physiological saline solution as was mentioned before and rehydrated to their original liquid volume by using 0.1% peptone water. Both samples were then cultured for colony counting. After a series of appropriate dilution with 0.1% peptone water, cells were cultured in MRS agar medium and colonies were counted by using the standard plate count method. Both freeze-dried immobilized and non-immobilized cells were stored in the dark at 5°C, 25°C, 45°C, 60°C, and 70°C, respectively. Sampling was performed periodically during storage for colony counting. Data analysis was performed using Statistical Analysis System software (Version 6.12, 1996) by GLM procedure for data regression and LSD test of ANOVA procedure for significant difference test (pϽ0.05).
Survival of free and immobilized L. acidophilus after freezing and freeze-drying is shown in Table 1 . Initial concentrations of both free and immobilized cells used for the experiments all reached the level of 10 10 cells/ml. It was found that immobilized cells possessed better resistance to freezing and freeze-drying compared with free cells. Results obtained were in agreement with those of Champagne et al. (1992 Champagne et al. ( , 1996a and Morin et al. (1992) , who immobilized Lactococcus lactis with calcium alginate. On the other hand, Bekatorou et al. (2001) found that survival of Saccharomyces cerevisiae under freeze-drying could be improved by using cell immobilization on gluten pellets. This indicated that cell immobilization in k-carrageenan gel beads could provide effective protection Freeze-drying of immobilized Lactobacillus acidophilus 239 to L. acidophilus in order to reduce the damage caused by freezing and freeze-drying in this study. Gel entrapment might provide a dry mass acting as a receptor to protect the cells from osmotic shock in rehydration during recovery of the freeze-dried immobilized cells and also protect the living cells biochemically from damage during freeze-drying (Bekatorou et al., 2001) . Cell immobilization by using gel entrapment of bacterial cells combined with dehydration demonstrated the potential for long-term storage (Cassidy et al., 1997) . Changes in viability of freeze-dried L. acidophilus during storage at 5°C, 25°C, 45°C, 60°C, and 70°C are shown in Fig. 1 . Lethality of both immobilized and free cells was found to increase with the increase of storage temperatures, and free cells exhibited a higher lethal rate than immobilized cells. Table 2 lists D values (decimal reduction time) obtained at different storage temperatures for freeze-dried immobilized and free cells. High correlations were obtained between Log D values and storage temperatures for both free and immobilized cells, which conformed to results obtained by Champagne et al. (1992) . The z values (reciprocal of the slope of regression equation) derived from the linear regression equation of Log D and storage temperature for immobilized and free cells were found to be significantly different (pϽ0.05) from each other, which also agreed with the results obtained by Champagne et al. (1992) , who utilized freeze-drying to dehydrate free and Ca-alginate immobilized L. lactis and found z values obtained for both cell states showed significant difference. Results shown above indicated that k-carrageenan cell immobilization could enhance temperature tolerance of freeze-dried L. acidophilus during storage and lessen the influence of temperature variation (displayed by the increase of z value) on the storage stability of freeze-dried cells. At the same time, since it has been suggested that the minimum number of viable L. acidophilus in a product should be over 10 5 /g to have any therapeutic effect (Shah et al., 1995) , the immobilized product obtained in this study might possess certain storage stability and the potential for health and therapeutic use. 
